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The response of terrestrial Net Primary Productivity (NPPT) in the 1 
Wujiang catchment (China) to the construction of cascade hydropower 2 
stations  3 
Abstract: 4 
The damming of rivers results in hydrological modifications that not only affect 5 
the aquatic ecosystem but also adjoining terrestrial systems as well.   Thirteen dams 6 
have been commissioned along the Wujiang River in the last century. These have 7 
induced ecological problems, including decreased water turbidity, land use change 8 
and biodiversity loss, all of which have the potential to influence ecosystem net 9 
primary production and hence the sequestration, transformation and storage of 10 
carbon. We used terrestrial net primary productivity (NPPT) as a bio-indicator to 11 
assess the impact of dams on carbon storage in the Wujiang catchment. MODIS 12 
satellite and meteorological data were used as inputs to the CASA model to 13 
calculate annual NPPT from 2000 to 2014. The calculation of NPPT was carried out 14 
at both the catchment and landscape scale to quantify the impact of dams on 15 
surrounding terrestrial ecosystems. Mean NPPT was calculated for concentric 16 
buffer zones covering a range of spatial extents (0-10 km) from the reservoir 17 
shoreline.  18 
The results showed the impact of construction of a single dam on NPPT at the 19 
catchment scale was negligible. In contrast, the impact of dam construction was 20 
scale-dependent at the landscape scale (<10 km), with a stronger effect observed 21 
at short distances (i.e. 0-1 km) from the reservoir. Decreases in NPPT were mainly 22 
ascribed to the loss of vegetated land resulting from dam impoundment and 23 
subsequent urbanization of the surrounding area.  24 
Keywords:  25 
Dam; Terrestrial Net Primary Productivity (NPPT); Catchment; Riparian 26 
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Introduction  1 
Inland waters (e.g. lakes, reservoirs, rivers and streams) play vital roles as both sources 2 
and sinks in the global carbon cycle, and ultimately in climate regulation (Bastviken et 3 
al. 2011, Raymond et al., 2013). In many regions globally, extensive damming of rivers 4 
to enable social and economic development by generating electricity, providing irrigation 5 
water for agriculture and reducing flooding (Graf 2006) has resulted in significant change 6 
to catchment hydrology and land use practices. Such is the scale of dam construction 7 
globally, the reservoirs created upstream of impoundments are understood to intercept 8 
nearly one-fifth of the organic carbon being transferred from the land to the ocean 9 
(Maavara et al. 2017). In addition to the disruption to global carbon cycling, recent 10 
research has also highlighted other environmental impacts arising from dam construction 11 
such as forest decline (Wildi 2010), landslides (Yin et al. 2016) and habitat fragmentation 12 
(Qiu 2011, Emer et al. 2013). 13 
The construction of a dam affects local climate and ecosystem function by altering 14 
evaporation and precipitation in a region (Degu et al. 2011). In aquatic systems, the dam-15 
induced impoundment (i.e. increased surface water) promotes evaporation processes, 16 
subsequently altering precipitation, in addition to physically restricting the flow of water 17 
downstream (Gordon and Meentemeyer 2006). Moreover, dams impede the transport of 18 
dissolved and particulate nutrients (e.g. nitrogen, phosphorus and silicon) through the 19 
river network, ultimately affecting downstream wetlands, floodplain and coastal areas 20 
(Ling et al. 2016).  The influence of dams also extends to terrestrial systems, through 21 
changes to riparian vegetation and land use (Silva et al. 2010, Grumbine and Xu 2011). 22 
Physically, riparian vegetation along the reservoir boundary contributes to the protection 23 
of water quality by reducing shoreline erosion and nutrients entering surface waters. 24 
Riparian vegetation is also important for sequestering atmospheric carbon in organic 25 
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matter (Brown et al. 1996, Harms and Grimm 2008, Maraseni and Mitchell 2016). Dam 1 
construction has been shown to have a significant negative impact on the surrounding 2 
natural habitat and ecosystems (New and Xie 2008), largely through the loss of common 3 
riparian land cover types through the process of inundation (Kellogg and Zhou 2014); 4 
subsequently, the process of carbon sequestration within the riparian vegetations would 5 
be potentially changed. 6 
Terrestrial Net Primary Productivity (NPPT) is useful for identifying changes in 7 
ecosystem structure and function with implications for the exchange of carbon between 8 
the land and the atmosphere (Xu et al. 2011). NPPT is the balance between the carbon 9 
accumulated through photosynthesis (gross primary productivity, GPP) and the loss by 10 
autotrophic respiration by plants during a given time interval (Lieth 1975, Likens 1975), 11 
reported in units of grams of carbon per unit area (gC/m2) ( Melillo et al. 1993, Apps and 12 
Peng 1998, Peng and Apps 1999). NPPT is a sensitive ecological indicator to assess 13 
changes in vegetation carbon storage such as those due to land use alteration (Feng et al. 14 
2007) and climate change (Pimm and Raven 2000). Studying the response of NPPT to 15 
environmental disturbance is necessary for understanding the overall trend and dynamics 16 
of terrestrial carbon cycling at a regional or global scale (Fang et al. 2001, Luo et al. 17 
2002). Moreover, NPPT could be used to monitor the changes in natural resources (e.g. 18 
aquatic and terrestrial vegetation) across varied ecosystems, and together with a series of 19 
policy implications which might be useful for the Sustainable Development Goals 20 
(SDGs), particularly in fragile ecosystems such as dam-impacted freshwaters. 21 
A range of methods can be used to estimate NPPT including destructive 22 
measurements biomass, micrometeorology (e.g. eddy covariance fluxes) or model 23 
simulation  (Melillo et al. 1993, Goetz et al. 1999, Liu et al. 1999, Alexandrov et al. 2002). 24 
The traditional methods such as ground-based biomass surveys have the advantage of 25 
[Type here] 
 
6 
 
high accuracy but are time consuming, labour intensive and providing limited coverage 1 
in both space and time (Jenkins et al. 2003). More recently, technologies such as remote 2 
sensing coupled with eco-physical models have been used to estimate NPPT at regional 3 
and global scales (Potter et al. 1993; Ruimy et al. 1994, Xiao et al. 2011).  Models can be 4 
classified into three types, including process-based models (e.g. TEM (Melillo et al. 5 
1993), CENTURY (Parton et al. 1993), Biome-BGC (Running and Hunt 1993)), 6 
statistical models (e.g. Rathgeber et al. 2000), and light use efficiency models (LUE, e.g. 7 
Carnegie-Ames-Stanford-Approach (CASA), Potter et al. 1993).  The CASA model is 8 
one of the most widely used and sophisticated models to estimate NPPT  (Prince 1991,  9 
Cramer et al. 1999).  The coupling of remote sensing technology and the CASA model 10 
can be an efficient way to obtain extensive, synchronous and extended time series data 11 
on NPPT (Julien and Sobrino 2012). Previous studies have typically looked at gross 12 
spatial or temporal patterns in NPPT (Law et al. 2006, Xiao et al. 2011), but few studies 13 
have looked at specific event-driven changes in NPP such as those resulting from dam 14 
construction.  One exception was Xu et al. (2011), who examined the impact of the Three 15 
Gorges Dam Project on the spatial distribution of NPPT in the area surrounding the 16 
reservoirs during impoundment, in particular the effect of the dam-induced inundation of 17 
land and the resettlement of displaced residents on NPPT. Given that a large proportion 18 
of the world’s rivers are dammed, the implications of dam construction on land use and 19 
carbon cycling need further consideration. The impact of dam construction on NPPT is 20 
required to understand at the different spatial extent (i.e. catchment or landscape) and 21 
magnitude in the future studies so that the wider carbon implications can be explored. 22 
The aim of study was to use the CASA model, coupled with Moderate Resolution 23 
Imaging Spectro-radiometer (MODIS) and local meteorological data to investigate 24 
annual NPPT in the Wujiang catchment for the period of 2000-2014. The Wujiang 25 
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catchment is one of the most heavily impounded catchments in China, and previous 1 
studies have focussed on the geo-chemical process (Li et al 2013 etc.) in the reservoir and 2 
river ecosystem. While the vegetation impacts of these dams have not been considered in 3 
a spatially sensitive way. We proposed our hypotheses: (1) the construction of a single 4 
dam reduces mean NPPT at a catchment scale, and that the impact is scale-dependent; (2) 5 
the construction of cascade dams results in a negative cumulative effect (both temporal 6 
and spatial) on NPPT.  7 
Methods 8 
Study sites  9 
The Wujiang River, located at E104°–110°, N26°–30° (Figure 1), is an upstream tributary 10 
of the Yangtze River in China. It is situated in the western regions of the Three Gorges 11 
Dam. The drainage basin is formed of Karst topography. The Wujiang river features a 12 
subtropical monsoon climate. During the investigation period (2000-2014) the annual 13 
temperature and precipitation measured by the local weather meteorological stations 14 
ranged from 15 to 27 °C and from 241 to 424 mm, respectively. The Wujiang catchment 15 
covers a total area of 57804 km2, and shows a clear gradient feature in land use type 16 
according to topography, with farmland and construction land located in lowland while 17 
forest and unutilized land distributed in the upland.  The construction of cascade dams 18 
plays a vital social and economic role, providing water supply, flooding control, irrigation 19 
and electricity supply to the region. Thirteen dams were presented in the study area, 20 
situated at elevations ranging from 215 m to 1145 m above sea level. The investigated 21 
dams could be classified into different types based on the slope of the dam, water 22 
residence time and the extent of the water fluctuation zone. The characteristics of the 23 
investigated dams are summarized in Table 1. 24 
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The digitized boundary for each investigated reservoir was obtained using the 1 
normal water level recorded as the theoretical value according to the reservoir operation 2 
scheme using a ε* (ArcGIS). Data frame Digital terrain model (DTM) at a 30 m × 30 m 3 
grid resolution were obtained from the Geospatial Data Cloud for China (GDEMDEM). 4 
The catchment boundary for each reservoir was digitized using Arc Hydro Tools in 5 
ArcGIS (v10.2) using the vectored reservoir boundary and DTM (Figure 1). The 6 
catchments of upstream reservoirs are nested within the catchment boundary for each 7 
downstream reservoir. Concentric buffers, at spatial distances of 0-1, 1-3, 3-5, 5-7 and 7-8 
10 km from the reservoir shoreline were subsequently calculated using Buffer Tool in 9 
ArcGIS with overlaps between buffer zones removed.  10 
Insert [Figure 1 near here] 11 
Insert [Table 1. near here] 12 
Estimation of NPPT 13 
The Wujiang catchment has a marked change of natural landscape over its 14 
elevation gradient. Historically, plant surveys and fieldwork have been confined to partial 15 
regions and do not cover the whole catchment due to the difficulty of access. To overcome 16 
the difficulties faced in surveying vegetation over the inaccessible terrain of much of the 17 
Wujiang catchment, in this study, we used remote sensing data combined with ecological 18 
modelling to monitor the spatial and temporal changes of NPPT at the catchment scale. 19 
NPPT in this study was calculated using the CASA model by the given function (1), which 20 
includes two terms, the absorbed photosynthetically active radiation (APAR) and a light 21 
use efficiency factor (ε) (Potter et al. 1993) as follows: 22 
  (NPPT (x, t) = APAR (x, t) × ε (x, t))    (1) 23 
  (APAR (x, t) = FPAR (x, t) × SOL (x, t) × 0.5))    (2) 24 
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Where NPPT (x, t) is the total NPPT of the given position, site x, during the given 1 
time t, in the units gC/m2. APAR (x, t) is the total solar radiation absorbed by the pixel x, 2 
integrated over the month t, given in MJ/m2, calculated using function (2). Where SOL 3 
(x, t) is the total solar radiation (MJ/m2), and FPAR (x, t) is the fraction of the active 4 
photosynthetic radiation absorbed by the vegetation. The constant of 0.5 accounts for the 5 
proportion of the effective solar radiation present in the total solar radiation (wavelengths 6 
between 0.38 and 0.71 μm). Finally, ε (x, t) is the light use efficiency of APAR (x, t) in 7 
converting radiation into organic matter (gC/MJ), which is calculated by the function (3): 8 
            (ε (x, t) = Tε1 (x, t) × Tε2 (x, t) × Wε (x, t) × ε*)     (3) 9 
In function (3), Tε1 (x, t) and Tε2 (x, t) represent the stress coefficients of the light 10 
use efficiency for low and high temperatures. Wε (x, t) represents the stress coefficient 11 
for moisture limitation. ε* is the maximal light use efficiency, which has a constant value 12 
of 0. 389 gC/MJ for global vegetation used in the CASA model (Potter et al. 1993). There 13 
is current debate over the correct value of ε*, which is believed to be affected by factors 14 
such as vegetation type and environmental conditions of temperature and water 15 
availability for example (Prince 1991, Paruelo et al. 1997, McCrady and Jokela 1998). 16 
This study used the ε* of ten vegetation types, typical of the vegetation found in the 17 
Wujiang catchment, as published by Zhu et al. (2006), shown in Supplemental Table S1. 18 
The value of ε* for these ten different vegetation types in China is reported to be lower 19 
than that simulated by the eco-physiological processing model BIOME-BGG (Running 20 
et al. 2000, Peng et al. 2000).  21 
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Data source and processing 1 
Remote sensing data 2 
Normalized Difference Vegetation Index (NDVI) was extracted from MODIS13Q1 time-3 
series data (available from Modis Web; https://modis.gsfc.nasa.gov/). The data were 4 
provided at a 16-day interval with a 250 m spatial resolution in the study area for the 5 
period 2000-2014. Additionally, a yearly L4 dataset at 1 km × 1 km resolution on a global 6 
scale (i.e. MODIS17A3), was also obtained from https://modis.gsfc.nasa.gov/, and used 7 
to correct the simulated NPPT value from the CASA model. 8 
The remote sensing data were re-projected from sinusoidal grid projection (SIN) 9 
to UTM WGS84 using the MODIS Reprojection Tool (MRT), available from 10 
http://lpdaac.usgs.gov/tools/modis_reprojection_tool. The Savitzky-Golay filter was 11 
applied to reconstruct the NDVI long-term data, reducing noise created by clouds and 12 
atmospheric interference etc. A monthly NDVI value was derived from the 16-day 13 
MODIS-NDVI data using Maximum Value Compositing (MVC) (Bian et al. 2010).  14 
Vegetation classification data were produced by the State Key Laboratory of 15 
Resources and Environmental Information System, Institute of Geography, Chinese 16 
Academy of Sciences. Vegetation data were resampled to a resolution of 250 m to match 17 
the resolution of the MODIS-NDVI data.  18 
Meteorological data 19 
The monthly meteorological data, i.e. precipitation, mean air temperature and total solar 20 
radiation, were observed at 23 field stations within the Wujiang Catchment from 2000 to 21 
2014.  Data were downloaded from the National Meteorological Centre (NMC) of China 22 
(http://data.cma.cn/). Precipitation, mean temperature and total radiation for each station 23 
were interpolated to cover the whole Wujiang catchment by applying an inverse distance 24 
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weighted (IDW) method in ArcGIS. All raster data were projected with WGS84 and 1 
transformed into float format with a spatial resolution of 250 m, consistent with the NDVI 2 
data.  3 
We evaluated the accuracy of the CASA-simulated NPPT model by comparing the 4 
annual NPPT value with the MODIS17A3 global NPPT products from 2000 to 2014 5 
(Supplemental Fig.S1).  The comparison indicated that the simulated annual NPPT values 6 
and the MODIS17A3 global NPPT products were consistent, with an accuracy of 96%. 7 
Mean NPPT was calculated at both the catchment and landscape (5 riparian buffer strips) 8 
scales for each study reservoir.   9 
Land use data  10 
Due to the rapid urbanization that often accompanies dam construction in China, the 11 
urban coverage in the Wujiang catchment increased from 343 km2 in 2000 to greater than 12 
435 km2 in 2014. To capture the land use changes within the study area more accurately, 13 
six land use cover categories (urban, water, woodland, croplands, grassland and barren 14 
land) were defined using Landsat images (downloaded from 15 
https://earthexplorer.usgs.gov/) for the years 2000, 2005, 2010 and 2014. Among the 16 
simply aggregated classes from the Landsat data, cropland was consisting of improved 17 
grassland, arable cereals, and urban was combining suburban/rural developed land with 18 
designated urban areas. The area of each land-use class was calculated within a 1 km 19 
buffer zone (mentioned before) of each reservoir using ArcGIS. Land use information 20 
derived from Landsat images with a 30 m × 30 m resolution might not provide sufficiently 21 
detailed information on individual urban structures. Nevertheless, it is sufficient to 22 
represent the general changes in coverage of urban and rural land use for the purposes of 23 
this study.  24 
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Statistical analyses 1 
The simulated time series NPPT data for each reservoir were categorised into pre- and 2 
post-dam construction to compare the difference of mean NPPT.  All NPPT time series 3 
datasets at both the catchment and landscape scales were found to be normally distributed 4 
using Shapiro tests and inspection of Q-Q plots. T-tests were used to test the significance 5 
of the difference between mean NPPT pre- and post-dam construction for the whole 6 
Wujiang catchment, and for the sub-catchment of each individual dam. Only 10 dams 7 
constructed between 2000 and 2014, where NPPT datasets were available to allow a pre- 8 
and post-dam comparison during the investigation period, were included in the statistical 9 
analyses. 10 
At the landscape scale, mean NPPT was compared over the 5 distinct buffer zones 11 
before and after dam construction for each reservoir. Initial analyses revealed that the 12 
construction of an individual dam has little influence on NPPT at the catchment scale. 13 
Hence, this allowed changes in each buffer zone to be compared against the catchment-14 
scale NPPT as the control. This allowed us to account for the effects of local 15 
meteorological conditions and natural NPPT changes over time.  To isolate the effect of 16 
dam construction, normalized mean NPPT was obtained by dividing the mean catchment-17 
scale NPPT by the NPPT for each buffer strip (0-1, 1-3, 3-5, 5-7, 7-10 km). This 18 
normalized mean NPPT was then tested for statistically significant differences between 19 
pre-and post-dam construction using a t-test and One-way Analysis of variance 20 
(ANOVA). A Tukey post-hoc test was used to determine in which buffer strip mean NPPT 21 
differed at a 95% family-wise confidence level between the period of pre- and post-dam 22 
construction. 23 
 To investigate the temporal and spatial changes induced by the dam on the 24 
capacity of vegetation carbon sequestration in the area directly neighbouring the 25 
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reservoir, four representative reservoirs were selected.  Considering physical features of 1 
each dam, indicating slope, water residence time and water fluctuation zone extent, we 2 
selected reservoirs GPT, HJD, SL and YZD (Figure 1) to calculate further the local 3 
changes in land use classes and their corresponding mean NPPT within a 1 km reservoir 4 
buffer (including the reservoir area). Depending on the year of dam construction, two 5 
representative Landsat images from before and after dam construction were chosen to 6 
represent each time period. Coverage of the six land use classes outlined earlier, and their 7 
corresponding mean NPPT were compared and discussed. NPP data use NDVI as the 8 
proxy for biomass in this work but this index is only valid over fully or partial vegetated 9 
land surfaces. NDVI value over urban area and water bodies are meaningless and the 10 
calculation of NPP for water bodies requires an entirely different approach. Therefore, 11 
urban areas and water bodies were assumed to have zero NPPT in the calculations. All the 12 
statistical analyses were conducted in R 3.3.3 (R development Core Team 2017) using 13 
the core stats package. 14 
Results  15 
Spatial patterns and temporal changes of NPPT in the Wujiang catchment from 16 
2000 to 2014 17 
Total NPPT in the Wujiang catchment fluctuated over time from 2000 to 2014, from a 18 
maximum of 55648 GgC (Gigagram of Carbon, 1GgC= 109gC) in 2002 and a minimum 19 
of 41946 GgC in 2011 (Figure 2). During this period, a total of 10 dams were constructed 20 
along the Wujiang River. Annual total NPPT was not significantly related to precipitation 21 
nor to mean air temperature, with correlation coefficients of -0.344 and 0.323, 22 
respectively.  23 
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Mean NPPT (Figure 3a) was highly correlated with the topography (Figure 3b) of 1 
the investigated region. High NPPT values could be found in lowland regions, at 2 
elevations less than 500 m. Change in mean NPPT from 2000 to 2014 was calculated 3 
using the standard deviation to detect the variability of NPPT values over the study period.  4 
(Figure 3c). It can be found in Figure 3c, the time series of mean NPPT showed a notable 5 
change over time in the downstream part of the catchment. 6 
Insert [Figure 3 near here] 7 
Comparison of NPPT at a sub-catchment scale for individual reservoir after 8 
dam construction  9 
Mean NPPT was calculated before and after dam construction at a sub-catchment scale 10 
for each reservoir (Figure 4). The catchment-scale mean NPPT was generally higher 11 
compared to the mean NPPT after dam construction (the differences range from 23.08 to 12 
47.01 gC/m2, Table 2). The upstream catchments of three reservoirs, SFY, YZD and HJD, 13 
were an exception to this and exhibited the converse trend where NPPT increased post-14 
construction. However, these differences were not statistically significant (p>0.05; Table 15 
2), indicating a negligible impact of individual dam construction on NPPT at a catchment 16 
scale. 17 
Insert [Figure 4 near here] 18 
Insert [Table 2 near here] 19 
Spatial patterns and temporal changes of NPPT for individual reservoirs at a 20 
Landscape scale 21 
ANOVA results suggested the modelled NPPT significantly differed between distinct 22 
buffer strips both before and after dam construction for most of the reservoirs investigated 23 
(p < 0.001, Table 3). However, for two reservoirs, HJD and SL, there was no significant 24 
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difference in mean NPPT (HJD, F=0.459, p=0.765; ST, F=0.385, p=0.818) across the 1 
buffer strips during the pre-dam period. Interestingly, after dam construction both 2 
reservoirs did show a significant difference in NPPT across buffers (HJD, F=20.01, 3 
p<0.001; ST, F=2.635, p=0.058).  4 
Insert [Table 3 near here] 5 
Insert [Figure 5 near here] 6 
T-test results indicated in which buffer strip there was a significant difference in 7 
mean NPPT prior to and after dam construction occurred (Figure 5). A significant 8 
reduction of the normalized mean NPPT occurred after the construction of dams at GPT, 9 
HJD, PS, SL, SFY, YZD reservoirs. The impact of dam construction displayed a strong 10 
scale dependency with the greatest changes observed at small spatial scales (i.e. 0-1 km 11 
buffer zone; Figure 5). There was a reduction of NPP in all buffer zones at GPT and SL 12 
reservoirs.  The normalized mean NPPT in most reservoirs was greater than 1, indicating 13 
that the mean NPPT across continuous buffer strips within 10km of the reservoir boundary 14 
was greater than the catchment-scale mean NPPT, with the exception of three reservoirs, 15 
HJD, SFY and ST. These three reservoirs with a lower than catchment mean NPPT value 16 
across the investigated buffer strips, also drained large areas of land, water fluctuation 17 
zones had lower than average slopes with a lack of vegetation cover (Table 4) which may 18 
have driven this difference. 19 
The impact of land use on mean NPPT 20 
Land use data from Landsat showed that the whole Wujiang catchment underwent rapid 21 
urbanization from 2000 to 2014, with the area of urban land expanding from 343.8 km2 22 
to 953.7 km2 in 2014 (Table 5). The contribution of cropland and woodland to the total 23 
NPPT remained stable (about 29% and 53%), while grassland area coverage and NPPT 24 
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contributions decreased by 0.75%. 1 
Insert [Table 4 near here] 2 
Insert [Figure 6 near here] 3 
The dam construction coincided with the expansion of water cover and urban land 4 
in the region (Table 4). At reservoir GPT, for example, the coverage of water from 6.19 5 
km2 to 14.9 km2 and urban land expanded from 0.0885 km2 to 0.192 km2 after dam 6 
construction. Most impounded areas came at the expense of grassland, cropland and 7 
forest, which showed a decrease in all four investigated reservoirs (Table 5). Total NPPT 8 
reduced in all vegetated land use types after the dam construction. The degree of reduction 9 
for each land use category was reservoir-dependent (Table 4). The change in contribution 10 
of each vegetation land use to mean NPP varied between reservoir and vegetation type.  11 
However urban consistently increased in their contributions to mean NPPT.  The average 12 
NPPT of all land uses within the 1 km buffer decreased after dam construction (Table 4).  13 
Take GPT for example, the mean NPPT of the forest in the investigated area was 14 
decreasing from 657 gC/m2 to 640 gC/m2 after the construction of the dam.  15 
Insert [Table 5 near here] 16 
Discussion 17 
A better understanding of the change in patterns of NPPT in areas affected by dam 18 
construction will inform the management of land adjacent to impoundment reservoirs, to 19 
minimize the possible negative effects on vegetation and overall ecosystem function 20 
(Smith et al. 2012). This study has highlighted the specific areas most impacted by land 21 
cover and land use change under the pressure of cascade dam construction in the Wujiang 22 
catchment. These findings can help inform the targeted protection of those ecologically 23 
important vegetation communities and habitats that contribute disproportionally to carbon 24 
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sequestration during dam construction. 1 
The role of dam construction in NPPT at Wujiang catchment/sub-catchment 2 
scale  3 
Terrestrial NPPT is vulnerable to climate and land use change driven variation. Changes 4 
in temperature, precipitation or land cover have been found to drive significant alterations 5 
in the biogeochemical process of the terrestrial carbon cycle (Jenkinson et al. 1991). We 6 
found the response of NPPT specifically to dam construction to depend on the spatial scale 7 
considered, an important finding given the spatially variable nature of NPP within a 8 
landscape (Reich et al. 1999).  9 
An impoundment reservoir is not isolated, but connected to a wider aquatic 10 
ecosystem. The topographical catchments of reservoirs drain surface and sub-surface 11 
water along with sediments and other materials to the receiving reservoir. The dam 12 
structure however influences the connectivity of river corridors by disrupting the flow of 13 
materials including nutrients, seeds and vegetative propagules, and thus it exerts major 14 
influence on the occurrence of riparian vegetation (Bornette et al. 1998, Bracken and 15 
Croke 2007, Oťaheľova et al. 2011). It is necessary to evaluate the impact of dam 16 
construction on the ecosystem at a catchment scale, because the dam as a disturbance not 17 
only has potential effects on the ecosystem along the river (e.g. riparian vegetation, soil 18 
property etc.), but also induces regional changes in climate and landscape. Many studies 19 
have evaluated the negative impact of dam construction in the upper catchment on 20 
agriculture productivity (Freden 2011), vegetation communities (Colonnello and Medina 21 
1998, Azami et al. 2004, New and Xie 2008), and biodiversity of aquatic and terrestrial 22 
species (Gehrke et al. 2002) in the downstream. In this study, NPPT of the whole 23 
catchment displayed a spatial pattern with high values of NPPT distributed in downstream 24 
regions and low values in upstream regions (Figure 3a). The total NPPT of the Wujiang 25 
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catchment experienced a decrease, dropping to a low of 41946 GgC in 2011 (Figure 2), 1 
which might be explained by a short term and cumulative effect of the construction of 7 2 
dams between 2008 and 2011. Although it seems that NPPT have recovered again since 3 
2012 when is the end of the dam building period. It might be explained by a change in 4 
the type of crop grown, more productive or more harvests plants, in the land water level 5 
fluctuated. 6 
Previous studies suggest that global warming and land cover variation (Melillo et 7 
al. 1993, Cao and Woodward 1998) might induce an initial-change in NPPT. However, 8 
total catchment NPPT was not significantly correlated with either the annual total 9 
precipitation or the mean temperature in this study.  The changes in land cover are at least 10 
partly responsible for the long-term decline in NPPT. We hypothesized that the 11 
construction of ten dams along the Wujiang river was responsible for the annual-change 12 
in NPPT, which result in the lowest total catchment NPPT occurring in 2011. It was 13 
possible that NPPT in 2011 is an anomaly. And it was difficult to elucidate the mechanism 14 
driving this spatial or temporal trend using the current dataset, which might require a 15 
more detailed study to identify the scope and causes of such dam-induced cumulative 16 
impact on material and energy flows through the catchment in the future study. 17 
Our results revealed that individual dam construction only had a weak influence 18 
on mean NPPT at the sub-catchment scale (Figure 4, Table 2). This conclusion is not 19 
consistent with previous studies, which found that dam construction contributed to the 20 
degradation of catchment forest cover and overall biodiversity due to the loss of this forest 21 
and other vegetation habitats through impounding (Dugan et al. 2010). Forest cover plays 22 
an important role in mitigating potential climate change caused by increasing atmospheric 23 
carbon dioxide (CO2) concentrations (Schulze et al. 2000). In the Wujiang catchment, 24 
forest biomass often accounts for the majority of living terrestrial biomass within the sub-25 
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catchment of an individual dam (Dixon et al. 1994, Brown et al. 1996). However, in this 1 
study, the land use most affected by the impounded area such as in HJD and YZD was 2 
grassland and cropland (Table 4). We found that the loss of NPPT from impounded 3 
grassland or cropland had a limited influence on total NPPT, when compared to possible 4 
NPPT changes resulting from the loss of forest cover. When considered at a sub-5 
catchment scale for each reservoir, it is important in terms of biodiversity and carbon 6 
sequestration to minimize the loss of forest cover during dam construction.  7 
The role of dam-induced land use change in reducing NPPT at a landscape 8 
scale  9 
As stated above, the construction of an individual dam had a limited impact on 10 
mean NPPT at a sub-catchment scale, however mean NPPT often decreased after dam 11 
construction in the region immediately surrounding the dam, especially within a 1 km 12 
riparian buffer. Lower values of NPPT were observed at a landscape scale in a few 13 
reservoirs that were not evident at the catchment scale, for example HJD, SL and SFY 14 
(Figure 5 d, g, h).  This was probably due to the loss of riparian vegetation, especially tree 15 
species from the riparian zone after the construction of the dam, presumably eventually 16 
riparian vegetation will re-establish except where large water level fluctuations occur 17 
(Kellogg and Zhou 2014).  18 
T-test results indicated a significant reduction of mean NPPT within the 1 km 19 
buffer (including both upstream and downstream of the reservoir) after dam construction 20 
(Figure 4 c, d, g, j). These findings are in agreement with other published reports revealing 21 
that dam construction causes a reduction in primary production near the new shoreline ( 22 
Zhang et al. 2009, Xu et al. 2011).  23 
The most obvious environmental impact of dam construction was found to be the 24 
loss of vegetated habitat and the expansion of the inundation zone (New and Xie 2008, 25 
[Type here] 
 
20 
 
Kellogg and Zhou 2014). In the Wujiang catchment, the impoundment of the reservoir 1 
invariably submerges surrounding land, often flooding areas of the Bermuda grass and 2 
other herbaceous plants, although it all depends on the nature of the vegetation 3 
surrounding the newly constructed dam. At HJD reservoir for example, the reservoir 4 
submerged productive agricultural land, which could adversely influence cultivated 5 
biodiversity and a host of bird, insect, mammal and other aquatic species associated with 6 
agricultural ecosystems. Additionally, dam construction promoted the urbanization of 7 
areas surrounding the reservoirs, further catalysing changes in land use that result in 8 
decreased NPPT. Changes of land use within the Wujiang catchment have been described 9 
by a number of previous studies (Wen and Pu 2010, Gao et al. 2008 etc.). The Wujiang 10 
catchment experienced rapid urbanization during the years investigated (Zhang et al. 11 
2008), and the process was possibly promoted by the construction of the cascade dams. 12 
Dam-induced disturbance, such as road construction and urban development generally 13 
increases in the reservoir surroundings at the expense of the vegetation communities 14 
(Pauleit et al. 2005).  Changes in land cover ultimately alters the composition of surface 15 
vegetation, soil physico-chemical properties, and thus inevitably influences NPPT (Yan 16 
et al. 2009).  In reference to this study, the coverage of each land cover category within 17 
the 1 km reservoir buffer was found to be altered after dam construction, particularly 18 
through flooding and the expansion urban areas and a loss of vegetative habitats (e.g. 19 
forest) (Table 4). For example, forest area within the 1 km buffer of GPT decreased from 20 
302 km2 to 294 km2 after dam construction. Although the changes are small, the loss of 21 
productive riparian land can have a significant effect on NPPT within the 1 km buffer 22 
zones.  The further study should be on the changes in NPPT within the water fluctuation 23 
zones of the reservoir. Rapid changes in land use are relevant to vegetation carbon storage 24 
globally (Fearnside 2000, Houghton et al. 2004). And in this study, we showed how dam 25 
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construction contribute to this change. Within the region, NPPT contributed by cropland, 1 
forest and grassland decreased by 0.31%, 0.38% and 1.45% respectively (the mean value 2 
of change in contribution (%) for the reservoirs GPT, HJD, SL, YZD, Table 4) after dam 3 
construction. The results are consistent with the NPP study in China’s Three Gorges Dam 4 
project, which also showing a NPPT reduction in forest, grassland and cropland 5 
respectively (Xu et al. 2011). 6 
The accuracy of NPPT calculation  7 
The CASA model has previously been used successfully previously for the long-term 8 
monitoring of vegetation biomass at the regional scale (Bian et al. 2010). Due to the 9 
coarse resolution of the MODIS data, some areas of urban land cover and open water 10 
might have been erroneously included in the computation of NPPT. But NPPT analyses at 11 
a broad scale means the effect of such error on the results was likely to be minor because 12 
of a low coverage of urban and water bodies.  However, when the CASA model is applied 13 
at a moderate or fine scale, the accuracy of the modelled NPPT needs to be taken into 14 
consideration when interpreting results (Zhu et al. 2007). This discrepancy was caused 15 
by the presence of mixed land use pixels within water and terrestrial defined areas. 250 16 
m resolution mixed pixels are defined by the dominant land cover classes in the pixel. In 17 
this work, mean NPPT for water (including lake and rivers) and urban cover were assumed 18 
zero in the 1km buffer analyses.  A comparison of simulated NPPT in this work and that 19 
of other models (Supplemental Table S2) indicated that a certain difference between 20 
vegetation types, for example NPPT of cropland are consistent across models while 21 
grassland and forest vary more. We attribute this to the low-resolution MODIS 250 m 22 
data, might not have sufficient resolution to distinguish the reservoir and terrestrial 23 
boundary. In future studies, it would be worth beneficial to use high spatial resolution 24 
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remote sensing data (e.g. Sentinel-2 MSI, Landsat-8) to clearly identify the boundary 1 
between each land use class and vegetation category to accurately estimate NPPT with 2 
eco-physiological models.  This is particularly important in reservoir water fluctuation 3 
zones where bordering land types have such stark difference in NPPT. 4 
 5 
Conclusions 6 
This study explored the long-term effect of the construction of 10 dams in the 7 
Wujiang catchment on the distribution patterns of annual NPPT, at both catchment and 8 
landscape scales by integrating remote sensing images and the CASA terrestrial carbon 9 
model. The hypothesis that the construction of a single dam impacts NPPT at a catchment 10 
scale has been overestimated. Results showed that the impact on NPPT, of a single dam 11 
is scale-dependent, mainly affecting only a 1 km riparian buffer strip. The study also 12 
found that dam construction reduced NPPT mainly by changing land cover, through 13 
facilitating the development of urbanization and the direct increase of inundation zones 14 
at the expense of vegetated habitats in the riparian zone.  From 2000 to 2014, the total 15 
NPPT in the Wujiang catchment fluctuated over time, reaching the maximum of 55648 16 
GgC in 2002 and a minimum of 41946 GgC in 2011. A sharp reduction of NPPT in 2011 17 
might reflect a dam-induced cumulative impact on NPPT at a catchment scale, although 18 
it was difficult to separate the cumulative impact associated with dam construction from 19 
the wider influences such as climate factors. Overall, the key environmental impacts of 20 
dam construction on primary productivity consist of the loss of riparian vegetation 21 
through the reservoir impoundment and dam facilitated development of urbanization. 22 
Further study should be focussed on the water fluctuation zones of the reservoir. 23 
 24 
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 1 
Tables 2 
Table 1. The characteristics of cascade dams in Wujiang Catchment  3 
Table 2. Comparison of annual NPPT pre- and post-dam construction in the Wujiang 4 
catchment. N is the number of years in each period, pre/post. Mean-difference is the 5 
change in mean NPPT between pre-dam and post-dam period. P-value gives the 6 
significance of the mean difference, tested using a T-test. (DHS-Dahuashui, GLQ-7 
Geliqiao, GPT-Goupitan, HJD-Hongjiadu, PS-Pengshui, ST-Shatuo, SL-Silin, SFY-8 
Suofengying, YP-Yinpan, YZD-Yinzidu) 9 
Table 3. ANOVA results indicating significance of the change of NPPT across different 10 
buffer strips (0-1, 1-3, 3-5, 5-7, 7-10 km) before and after dam construction. (DHS-11 
Dahuashui, GLQ-Geliqiao, GPT-Goupitan, HJD-Hongjiadu, PS-Pengshui, ST-Shatuo, 12 
SL-Silin, SFY-Suofengying, YP-Yinpan, YZD-Yinzidu) 13 
Table 4. The change of area and NPPT across different land use classes within 1 km 14 
reservoir buffers of four investigated reservoirs (GPT-Goupitan, HJD-Hongjiadu, SL-15 
Silin, YZD-Yinzidu). 16 
Table 5. The change in the coverage of different land categories and relevant NPPT for 17 
the whole Wujiang catchment in the years 2000, 2005, 2010 and 2014 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
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Figures 1 
Figure 1. Geographical positions of the cascade dams in the Wujiang catchment (reservoir 2 
boundaries are shown and labelled). Sub-catchments for each reservoir are shown in 3 
distinct colours. The investigated catchments represented a containment relationship, in 4 
that downstream sub-catchments contain all upstream sub-catchments) (DHS-Dahuashui, 5 
GLQ-Geliqiao, GPT-Goupitan, HJD-Hongjiadu, PS-Pengshui, ST-Shatuo, SL-Silin, 6 
SFY-Suofengying, YP-Yinpan, YZD-Yinzidu) 7 
Figure 2. Total NPPT in the Wujiang catchment from 2000 to 2014 and year of dam 8 
construction. Annual precipitation (mm) and air temperature (℃) during the investigated 9 
years were also presented in the figure. 10 
Figure 3. (a) 30 m Topography of the Wujiang Catchment. (b) Spatial distribution of 11 
mean NPPT for the period 2000 to 2014. (c) Standard deviation of mean NPPT between 12 
2000 and 2014. 13 
Figure 4. Boxplot comparing median NPPT pre-and post-dam construction). The number 14 
under the dam label refers to the normal water level of each reservoir (m). (DHS-15 
Dahuashui, GLQ-Geliqiao, GPT-Goupitan, HJD-Hongjiadu, PS-Pengshui, ST-Shatuo, 16 
SL-Silin, SFY-Suofengying, YP-Yinpan, YZD-Yinzidu) 17 
Figure 5. Comparison of the normalized mean NPPT before and after dam construction 18 
over increasing spatial buffer strips sizes (0-1, 1-3, 3-5, 5-7, 7-10 km) for each reservoir. 19 
(* P<0.01, ** p<0.05, t-test) 20 
Figure 6. Land use patterns in the Wujiang catchment during the years 2000, 2005, 2010 21 
and 2014 22 
